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Abstract: The spatially referenced regressions on watershed attributes modeling approach, as applied to predictions of total nitrogen flux
in three North Carolina river basins, addresses several information needs identified by a National Research Council evaluation of the total
maximum daily load program. The model provides reach-level predictions of the probability of exceeding water-quality criteria, and
estimates of total nitrogen budgets. Model estimates of point- and diffuse-source contributions and nitrogen loss rates in streams and
reservoirs compared moderately well with literature estimates. Maps of reach-level predictions of nutrient inputs and delivery provide an
intuitive and spatially detailed summary of the origins and fate of nutrients within a basin.
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Introduction

Despite the expenditure of hundreds of billions of dollars over the
last 30 years, the 1972 Clean Water Act goals of fishable and
swimmable waters have not been achieved, largely because con-
taminants from diffuse sources have not been controlled success-
fully (Knopman and Smith 1993; National Research Council
2001). Almost 300,000 river and shore kilometers (km) and 2
million lake hectares (ha) have been identified as impaired in
terms of water-quality criteria intended to assess compliance with
designated uses (National Research Council 2001).

Under requirements of Section 303d of the Clean Water Act,
the states must identify and list impaired water bodies and imple-
ment a total maximum daily load (TMDL) program for water
bodies where a problem contaminant can be identified (National
Research Council 2001). The objective of a TMDL program is to
improve water quality through control of both point- and diffuse-
contaminant sources. Initially, a model is used to determine the
total daily pollutant load that can exist and still meet water-quality
standards for a problem contaminant, such as nitrogen. The maxi-
mum load (i.e., TMDL) is then allocated for point and ditfuse
sources of nitrogen and an estimated margin of safety (U.S. En-
vironmental Protection Agency 2001). A margin-of-safety esti-
mate is requircd to assure that an impaired water body will meet
its designated uses once the prescribed load reductions are real-
ized; the estimate is based on uncertainties in the model, observed
data, and natural variability. Successful implementation of a
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TMDL program for a water body requires that point- and diffuse-
source loading reductions be sufficient to bring the water body
into compliance with water-quality standards.

The U.S. Environmental Protection Agency (USEPA) esti-
mates that approximately 4,000 TMDLs must be developed per
year over the next 8—13 years to meet current legal deadlines
(National Research Council 2001). Many, if not most, states claim
that they lack adequate resources to assess water-quality condi-
tions statewide, identify waters not meeting standards, and de-
velop TMDLs. These claims were supported by a General Ac-
counting Office (2000) report describing a pervasive lack of data
at the state level to complete these tasks.

Because of concern about the inability of states to comply with
Clean Water Act requirements related to TMDL programs, Con-
gress asked the National Research Council (NRC) in 2001 to
assess the scientific basis of TMDL programs with respect to the
availability and reliability of information rcquired to identify con-
taminant sources and allocate reduction in contaminant loadings.
An eight-member NRC committee provided Congress with mul-
tiple recommendations related to the use of models to identify
impaired waters and determine contaminant loads that with an
adequate margin of safcty would not violate state water-quality
standards (National Research Council 2001). The NRC commit-
tee recommended that models associated with TMDL develop-
ment incorporate the theoretical characteristics of mechanistic
models while including the simpler calibration and use character-
istic of empirical models. Modeling efforts should be accompa-
nied by uncertainty analysis, replacing the ad hoc and even arbi-
trary safety margins of many previous TMDLs with margins of
safety based on the explicit analysis of model and data uncer-
tainty and natural variability. Finally, the committee recom-
mended an expanded role tor models in specific TMDL activities,
such as predicting impairment probabilities and designing moni-
toring programs. For example, models could be used to develop
preliminary impairment estimates for all water bodies in a basin
or state, allowing the state to focus limited monitoring resources
in areas where water-quality conditions are more uncertain.

In this paper. each of the modeling recommendations by the
NRC committee is addressed using a North Carolina example. A
spatially referenced regression model (SPARROW—spatially ref-
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Fig. 1. North Carolina SPARROW modeling study area. Shaded area in main study area map represents Piedmont ecoregion and unshaded area

represents Coastal Plain ecoregion.

erenced regressions on watershed attributes; Smith et al. 1997)
that contains process-oriented terms for nitrogen transport can be
used to predict the probabilities for concentrations of total nitro-
gen exceeding an environmental guideline (e.g., 1.5 mg/L), assess
the movement and delivery of nitrogen to a watershed outlet, and
develop a total nitrogen budget that quantifies aquatic losses and
the contributions of specific nitrogen sources to streams. A SPAR-
ROW total nitrogen model was calibrated using data from three
large river basins in eastern North Carolina—the Cape Fear,
Neuse, and Tar-Pamlico (Fig. 1). The development and use of
digital spatial and tabular data sets needed 1o support the model
arc described, and results of the model calibration are presented
and discussed. Three model applications are described. Parameter
and model uncertainty information are used to predict the propor-
tion of stream reaches (i.e., relatively short, averaging 10 km in
length in this study, stream or reservoir segments) in the three
basins with an average annual total nitrogen concentration greater
than the hypothetical total nitrogen criterion of 1.5 mg/L. Predic-
tion uncertainty information is used to identify locations where
additional water-quality monitoring may be useful. The relative
importance of individual total nitrogen sources and the effects of
landscape and aquatic processes arc presented.

Spatially Reinforced Regressions on Watershed
Methodology

The SPARROW modeling approach has several important fea-
tures (Preston and Brakebill 1999). Data for streamflow, in-stream
nitrogen flux at monitoring sites, nitrogen sources, and landscape
characteristics are spatially linked to a digital stream-reach net-

work. The stream-reach network (Nolan et al. 2002), composed
of individual, hydrologically linked stream reaches, provides a
spatial framework for organizing and relating streamflow, flux,
source, and landscape information. This network allows the pro-
cessing and delivery of nutrients to downstream water bodies to
be simultaneously estimated for separate sources as a function of
the location, magnitude. and interactions of these sources with the
terrestrial and aquatic propertics of the river basin. The statistical
basis for calibrating SPARROW models provides an objective
means of empirically estimating the relation between in-stream
measurements of nitrogen flux and the sources and losses of ni-
trogen within the watershed. In-stream nitrogen flux is modeled
as a nonlinear function of nitrogen sources (including point
sources, atmospheric deposition, and agricultural and developed
land use), land-delivery processes, and in-stream nitrogen pro-
cessing.

The SPARROW model expresses mean annual nitrogen load at
monitoring Station X (Fig. 2), located at the downstream end of
water-body reach 7, as a nonlinear function of monitored {e.g., the
load estimated at the upstream monitoring station (Station Y)] and
unmonitored nitrogen sources [point and diffuse nitrogen sources
introduced between the upstream monitoring location (Station Y
and monitoring Station X)] and the attenuation associated with
landscape and aquatic processes. Unmonilored sources are intro-
duced into reach ¢ (or, in the case of diffuse sources, into the
drainage area or catchment of reach /) or one of the set of reaches
J(7) (or the associated reach catchments) that are upstream from
reach 7 and that exclude reaches draining into upstream monitor-
ing stations (Smith et al. 1997; Alexander et al. 2002). Diffuse-
source nitrogen is attenuated as it moves across the landscape to
the stream’s edge. Additional attenuation occurs as nitrogen
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Fig. 2. Hypothetical set of five stream reaches that make up set of
rcaches J(i/) and associated reach catchments. These reaches are
located between upstream monitoring station and downstream
monitoring station.

moves through the reservoir and stream network to a downstream
monitoring station.
The model can be defined as follows:

N
LOadi: 2 2 BnSlee(_QZJ')H;?,]H;?]‘E:' (I)
n=1 jeli)

where Load;= nitrogen load or flux in reach {, measured in metric
tons for the year 1992; n, N=source index where N is the total
number of individual n sources; J(i)=set of all reaches upstream
and including reach /, except reaches at or above monitoring sta-
tions upstream from reach /; 8, = estimated source coefficient for
source n; S, ;=nitrogen mass from source » in drainage to reach
Ji» a=estimated vector of land-to-water delivery coefficients; Z;
=land-surface characteristics associated with drainage to reach j;
H ;S ;= fraction of nutrient mass present in water body ; transported
to water body i as a function of first order loss processes associ-
ated with stream channels: Hfj: fraction of nutrient mass present
in water body j transported to water body / as a function of first
order loss processes associated with lakes and reservoirs; and &,
=multiplicative error term assumed to be independent and iden-
tically distributed across separate subbasins defined by interven-
ing drainage areas between monitoring stations.

Details about the form of this model, its assumptions, and
applications are available elsewhere (Smith et al. 1997; Preston
and Brakebill 1999; Alexander et al. 2000; Alexander et al.
2002). Model terms are described briefly here. The source coet-
ficients (B,) describe the relation between nitrogen sources S, ;
and in-stream nitrogen load. Nitrogen sources considered in the
North Carolina SPARROW model include atmospheric deposi-
tion, developed and agricultural land use area (i.e., which repre-
sent diftuse sources such as fertilizer and animal waste), and point
sources. The land-to-water delivery coefficients (a) describe the
influence of landscape characteristics in the delivery of diffuse
sources of nitrogen to the stream. Because these factors are as-
sumed to decrease the delivery of nutrients to the stream (i.e.,
must be negative), the reciprocal value is used in calibrating the
model for any landscape features thought to increase the delivery
of nutrients from the landscape to the stream (e.g., slope: Smith
et al. 1997). Landscape-delivery features considered in the North
Carolina model include topographic and soil characteristics. Be-
cause point sources discharge directly to streams and are assumed

to be unaffected by landscape-delivery factors, the landscape-
delivery coefficient for point sources is set equal to one. Nitrogen
loads measured at monitoring stations upstream from the moni-
toring station at reach i also have a landscape-delivery coefficient
constrained to one. Thus, nitrogen loads associated with the moni-
toring station at reach / include nitrogen loads measured at up-
stream monitoring stations and nitrogen associated with sources
located in the catchments of all reaches between the upstream
monitoring stations and reach /. Nitrogen delivered to the edges of
streams from diffuse sources within these catchments is reduced
by the landscape-delivery coefficient, a single coefficient that ap-
plies to all diffuse sources.

A detailed, mechanistic specification of nitrogen-loss pro-
cesses associated with streams, lakes, and reservoirs in the North
Carolina SPARROW model cannot be accomplished because of
the large land area to be modeled and the difficulty in accurately
characterizing these processes over a large area using limited
data. A simpler approach is used herc that is amenable to an
empirical treatment yet reflects the influence of important mecha-
nisms of nitrogen processing. In-stream nitrogen losses arc as-
sumed to vary as a function of stream channel length in various
flow classes. In-stream nitrogen losses associated with contact
and exchange of the water column with the benthic environment
are assumed to decrease as the stream size increases and the ex-
change between the water column and stream bottom decreases
(Alexander et al. 2000). Stream size is assumed to be associated
with stream flow; streams with a low-mean annual flow are as-
sumed to have greater nitrogen loss than streams with larger
flows.

The effects of stream-channel processes, such as sedimentation
and water column and benthic processing, on the mass of nitrogen
lost from the location where the load enters a water body
(whether from upstream monitoring stations or from intervening
stream reaches) until the load reaches a downstream monitoring
location is quantified as

Hij':l—[ cxp(_kmLi,j,m,) (2)

m

where k,,=first-order loss coefficient (km™ l); m=number of
discrete flow classes; and L, ; ,,=length of the stream channel
between water bodies j and i in flow class m. A k value of 0.08,
for example, indicates that nitrogen is removed at a rate of about
8% per kilometer of channel length. Two stream-size classes were
used in the final North Carolina SPARROW model, with stream-
size class affiliation for all stream reaches being determined by
whether mean annual flow is above or below 1.04 m¥/s. This rate
was arbitrarily chosen to define the break between small and large
streams; approximately one-third of all stream reaches have a
mean annual discharge less than this rate.

Lake and reservoir propertics affect the proportion of nitrogen
load in water body j that is delivered to water body / according to
the relation

Hf?j:ljl exp(—kg; ") 3)

where k=estimated first-order loss rate (or settling velocity;
units= m/yeary); qfl=rcciprocal areal hydraulic load of lake or
reservoir (ratio of water-surface area to outflow discharge; units
=year/m) for each of the lakes and reservoirs (/) located between
water bodies j and i. Nitrogen removal by lakes and reservoirs is
assumed to be an inverse function of the areal hydraulic load (the
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Fig. 3. Monitoring stations used in calibrating North Carolina
SPARROW model. Shaded area in main study area map represents
Piedmont ecoregion and unshaded area represents Coastal Plain
ecoregion,

ratio of reservoir outflow to surface); that is, nitrogen losses de-
crease with increases in the rate of reservoir outflow or decreases
in reservoir surface area (Alexander et al. 2002). The reservoir/
lake loss rate is assumed to be a net rate, accounting for inputs
from nitrogen fixation.

Coefficient estimation for the SPARROW model was per-
formed by applying a nonlinear, least-squares algorithm (PROC
MODEL; SAS Institute Inc. 1999) to Eq. (1). The calibration used
a reach-specific data set containing values for all source and land-
scape terms associated with the catchment of each reach in the
stream network of the three North Carolina river basins, along
with stream (class and length) and reservoir (areal hydraulic load)
data for each reach with the stream network. Model fitting was
performed on the log transforms (natural log) of the summed
quantities in Eq. (1). Model residuals were examined for normal-
ity, constant variance, and nonlinear patterns to determine if re-
gression assumptions were satisfied. Final model coefficient esti-
mates were made using bootstrap techniques (Smith et al. 1997).
Model coefficients were estimated with sampling with replace-
ment from the set of mean annual nutrient fluxes at the 44 moni-
toring stations in the three North Carolina river basins, based on
separate regressions fit for a total of 200 iterations. Ninety percent
confidence intervals were determined from the coefficient distri-
butions for the 200 model iterations by computing the minimum
range of coefticient values such that the fraction of values inside
the range cqualed the confidence levels (Smith et al. 1997). The
upper and lower values of this range established the confidence
intervals for the coefficient.

Data Sets

Data from three contiguous North Carolina river basins were used
in this study. A general west-east trend occurs in the size of
streamflow and nitrogen loads in the mainstem river reaches. Ni-
trogen vyields (Fig. 3), however, do not show this same spatial
pattern and are often largest at monitoring stations downstream
from large point sources (especially in the Piedmont) or intense
agricultural activity (in the Coastal Plain). Ambient monitoring-
derived water-quality data and information about nitrogen sources
and landscape and flow characteristics at 44 monitoring stations

within the busin were used to fit the SPARROW modet (Fig. 3).
Source, landscape, and streamflow data were used to apply the
model throughout the three basins.

Calculation of Nitrogen Flux at Monitoring Stations

Mean annual nitrogen flux, the dependent variable in the SPAR-
ROW model, was estimated for 44 long-term monitoring sites
based on water-column measurements of total nitrogen and
continuous-flow measurements (Fig. 3). The length of the flow
record varies from station to station. Most stations have flow
measurements from the mid-1970s to 2000. Some stations have
flow measurements dated in the 1920s. Nitrogen concentration
values were available for most of the 44 stations for the period of
1990-1995. Two stations have nitrogen data from 1993 to 1995.
The nitrogen loads at the monitoring sites were estimated by
using the log-linear regression model presented in Cohn et al.
(1989).

Streams and Reservoirs

Spatial data for stream reaches and for the catchments, or drain-
age areas, associated with each reach served as the primary
framework for organizing source, landscape, and stream-size in-
formation. The stream network for developing the North Carolina
SPARROW model was based primarily on an enhanced version of
the USEPA’s River Reach File 1 (RF1), a 1:500,000-scale digital
representation of stream networks (DeWald et al. 1985; Nolan
et al. 2002). Enhancements included (1) the addition of reaches
necessary to include several monitoring stations based on streams
defined in the U.S. Geological Survey (USGS) National Hydrog-
raphy Dataset, a 1:100,000-scale stream network representation
(U.S. Geological Survey 200la); and (2) recoding of several
rcaches of the national scale RF1 to add locally developed infor-
mation about reaches that were part of reservoirs not indicated in
the national data set (North Carolina Department of Environment,
Health, and Natural Resources 1992).

The stream network was composed of 492 stream reaches hav-
ing an average length of 14.6 km (median=11.2 km, with an
interquartile range of 6.0-19.6 km). Drainage catchments for
cach stream reach were delineated by using a stream-conditioned,
30-m resolution digital elevation model (DEM) data set and au-
tomated geographic information system (GIS) drainage-basin de-
lineation procedures (Hellweger and Maidmont 1997; U.S. Geo-
logical Survey 2001b). The arcas of the rcach catchments ranged
from 0.05 to 759 km?, with a median of 53.5 km® and interquar-
tile range of 23.2-129.8 km?. Estimates of streamflow for each
reach were determined through an accumulation of average an-
nual runoff. based on data from the period 1951~1980, for each
reach catchment (Gebert et al. 1987). Average annual runoff as-
sociated with each reach catchment was calculated; runoff values
for individual catchments were summed, using networking algo-
rithms, to estimate average annual streamflow at monitoring sta-
tions. The estimated mean streamflows for river reaches ranged
from 0.04 to 291 m%s. with a median of 2.47 m?%s and an inter-
quartile range of 0.88—11.8 m¥s. Estimated streamflows typically
were smaller than actual reported annual discharges at gauging
sites, with a median difference of 7%.

Stream-channel distances for two flow classes were used in the
model to estimate in-stream nitrogen losses. Channel distances
were computed by using a Fortran-based network climbing algo-
rithm (White et al. 1992) and information about the stream-reach
lengths and connectivity produced by GIS analysis. Reservoir sur-
face area and outflow data measured at the most downstream
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reservoir reach were used to estimate areal hydraulic load associ-
ated with 14 reservoirs and lakes in the three river basins (North
Carolina Department of Environment, Health, and Natural Re-
sources 1992). Estimates of areal hydraulic load were calculated
as the ratio of reservoir outflow discharge to the water-surface
area of the reservoir.

Nutrient Sources

Estimates of total nitrogen discharged by 249 permitted point-
source dischargers were made for the year 1992 in the three river
basins by using data derived tfrom Discharge Monitoring Reports
(Chris Roessler, North Carolina Division of Water Quality, writ-
ten communication 2001). The median load from these discharg-
ers was 1,056 kg of total nitrogen, with an interquartile range of
150—11,860 kg. Load information from individual tacilities was
allocated to individual reach catchments by using GIS overlay
processes.

Estimates of atmospheric deposition of nitrogen were devel-
oped by using early 1990s wet nitrate and ammonium nitrogen
deposition data collected in the National Atmospheric Deposition
Program (NADP 2002) that were interpolated into national atmo-
spheric deposition maps (U.S. Geological Survey 2000). Total
nitrogen contribution from atmospheric deposition was calculated
as the sum of nitrate nitrogen and ammonium nitrogen wet depo-
sition, nitrate nitrogen dry deposition, and developed area wet and
dry nitrate deposition following procedures described in Sisterson
(1990) and McMahon and Woodside (1997). Spatial data sets for
atmospheric wet deposition of nitrate and ammonium nitrogen
were overlain with reach catchment boundaries in a GIS, and
individual categories of nitrogen deposition were calculated and
summed for each reach.

Estimates of 1992 nitrogen inputs associated with both agri-
culture and nonagricultural areas were derived by using a national
land-cover data base developed with remotely sensed data from
the early 1990s (Fig. 4; Loveland and Shaw 1996; Vogelman
et al. 2001; U.S. Geological Survey 2002a). Areas ot agricultural
and nonagricultural (i.c., combined developed and forested land
cover) land in each reach catchment were estimated by using GIS
overlay analysis. An estimate of agricultural nitrogen loads was
made by using agricultural land area as a source term in Eq. (1):

darker shades indicate higher
values of index and flatter terrair

darker shades indicate areas
of higher sail permesability

Fig. 5. (A) Wetness index and (B) soil permeability land-delivery
variables used in North Carolina SPARROW model

nonagricuitural nitrogen inputs were estimated using the com-
bined developed/forested land area as another source term (units
=km?). The resulting coefficients represent nitrogen export co-
efficients for these land-cover types, indicating the rate of nitro-
gen export (e.g., metric tons per square kilometer) associated with
the land-cover area. Using land-cover area for estimating ditfuse
nitrogen inputs has three advantages—it is conceptually simple to
understand and interpret; the resulting export coefficients can be
compared with export coefficients reported in the literature; and
the land-cover arca approach minimizes the introduction of error
and uncertainty associated with the apportionment of tabular
county agricultural statistics to the relatively small reach catch-
ments.

Landscape Characteristics

Climatic and landscape features can influence delivery of ditfuse
sources of nitrogen from within reach catchments to the edges of
streams. The significance of several of these features, including
climate, topography, and soil, werc tested using the SPARROW
modeling approach.

Topography helps control the movement of water through a
river basin and, thus, may play an important role in the movement
of nitrogen within the basin. A DEM spatial data set (U.S. Geo-
logical Survey 2001b) was used to estimate several topographic
measures for each reach catchment, including slope and a wetness
index measuring the relative susceptibility of the reach catchment
to saturation due to movement of precipitation through surface
and subsurface flow paths (Wolock 1993). Because higher values
of slope are positively associated with runoff and nutrient deliv-
ery, reciprocal values of slope were used in the model. The higher
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Table 1. Regression Models Considered for North Carolina Spatially Referenced Regression on Watershed Implementation.

Model run 1 2 3 4 5 6 7 8
Model R* 0.93 0.94 0.94 0.93 0.94 0.95 0.95 0.96
Mean square 0.22 0.22 0.21 0.25 0.2 0.18 0.19 0.13
error
Variable Model category
Slope Landscape ~00.33 (.02)
delivery
Wetness Landscape —1.12 (0.0001)
index delivery
Permeability Landscape —0.05 (0.30)
delivery
Soil organic Landscape —0.04 (0.05) —0.04 (0.01)
carbon delivery
Hydrologic Landscape 4.1 (0.001) 4.24 (0.001) 2.94 (0.05) 5.04 (0.0004) 232 (0.08)  0.82 (0.63) 0.6 (0.62)
soil group detivery
Small strcam Stream decay  0.08 (0.02) 0.08 (0.01) 0.06 (0.06) 0.09 (0.007) 0.03 (0.30) 0.05 (0.11) 0.06 (0.05) 0.05 (0.06)
Large stream Stream decay  0.002 (0.35) 0.002 (0.38) 0.002 (0.34) 0.002 (0.38) 0.003 (0.25) 0.002 (0.49) 0.002 (0.46) 0.002 (0.36)
Reservoir Reservoir 16.3 (0.008) 16.7 (0.007) 16.6 (0.006) 16.7 (0.01) 14.48 (0.01) 15.1 (0.007) 14.9 (0.008) 18.3 (0.0003)
decay
Atmospheric Nitrogen 2.22{0.16) 3.7 (0.11) 0.09 (0.31)  0.25 (0.49) 0.2 (0.43)  0.00005 (0.69)
source
Point source Nitrogen 0.85 (0.006) 0.52 (0.13)  0.54 (0.1) 0.48 (0.2) 0.65 (0.03) 052 (0.07)  0.59 (0.05) 0.51 (0.02)
source
Agricultural Nitrogen 5.9 (0.09) 3.7 (0.12) 1.9 (0.49) 11.1 (0.07)  0.52 (0.06) 2.32(0.14) 1.12 (0.28) 0.00005 (0.72)
land source
Developed Nitrogen 5.9(0.38)  0.04 (0.99) 13.9 (0.18) 1.57 (0.04) 4.64 (0.12) 292 (0.15)  0.0004 (0.66)
land source
Forested land Nitrogen —1.83 (0.15) 1.9(0.29)
source
Nonagricultural Nitrogen 1.8 (0.08)
iand source

Note: Values for cach variable include model coefficient value and p value (in parentheses).

the wetness index, the flatter the land surface. Generally, there are
pronounced west-to-east gradients in these topographic variables
(Fig. 5).

Soil characteristics also influence the movement of nitrogen
within the river basins. In an earlier study, North Carolina Coastal
Plain streams in agricultural drainage basins with relatively
poorly drained soils had higher-ambient nitrogen concentrations
than better drained soils, perhaps reflecting higher surface-runoff
rates (McMahon and Hamed 1998). Average values of several soil
characteristics were developed for the reach catchments in this
study by using data sets associated with the State Soils
(STATSGO) Geographic Database (U.S. Department of Agricul-
ture 1994; Miller and White 1998), including permeability
(Shirazi et al. 2001a,b), soil hydrologic groups (Miller and White
1998; Earth Systems Science Center 2001), and soil carbon
(Sharon Waltman, U.S. Department of Agriculture, written com-
munication 2001). An area-weighted average soil hydrologic
group variable was calculated for each reach catchment, with a
value ranging from 1 (relatively well drained) 10 4 (relatively
poorly drained). Because higher values for this variable are ex-
pected to be associated with greater nutrient delivery, the recip-
rocal value of this variable is used in the model. Values of per-
meability and soil carbon have a pronounced west-east spatial
trend, reflecting large-scale processes associated with soil forma-
tion (Fig. 5).

Model Calibration Results

A number of models were considered as the basis for implement-
ing the North Carolina SPARROW effort (Table 1). All models
had one or more landscape-delivery variables representing factors
that influence the movement of nitrogen over the landscape to the
stream edge. Landscape-delivery factors were based either on to-
pographic (e.g., slope and wetness index) or soil (e.g., permeabil-
ity, soil organic carbon, and soil hydrologic group) characteristics.
Three aquatic attenuation variables were considered, representing
small and large streams and reservoirs. Small streams were de-
fined as those with flows less than 1.04 m*s; 30% of the stream
reaches had average flows less than this value. The source vari-
ables for point sources and atmospheric deposition defined nitro-
gen inputs in terms of mass (metric tons) for 1992. Other diffuse-
source variables (e.g., agricultural, developed, forested, and
combined developed/forested) represented nitrogen inputs by
land-use area.

The eight regression models presented in Table 1 each have a
relatively good fit [the coefficient of determination, or R-squared
(R?), ranges from 0.93 to 0.96; mecan squarc error (MSE) ranges
from 0.13 to 0.25). Models are listed with the most parsimonious
first (#1), followed by models with more complex source vari-
ables (#2, #3, #4) and then with additional delivery factors (#5,
#6, #7, #8). Although model fit improves as more landscape-
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Table 2. Comparison ol Parametric and Bootstrap Coefficients for North Carolina Spatially Referenced Regressions on Watershed Total Nitrogen

Regression Model

Parametric model coeffictent

Bootstrap coefficient Lower 90% Upper 90%

estimate (Model 1) p-value estimate confidence level confidence level
R* 0.93
Mean square error (MSE) 0.22
Total nitrogen sources
Point sources (ton/1992) 0.85 0.006 0.858 0.147 1.315
Agricultural land area (ton/km®) 59 0.09 6.628 0.393 11.685
Nonagricultural land area (ton/km?) 1.79 0.08 1.986 —0.102 3.563
Land-delivery variable
Soil hydrologic group 4.13 0.001 3.868 1.275 6.215
Aquatic loss
Small stream (km ") 0.08 0.02 0.086 0.009 0.159
Large stream (km ') 0.002 0.35 0.003 —0.001 0.006
Reservoir (m/year) 16.4 0.008 14919 9.144 19.055

delivery factors are included (i.e., MSE drops), the delivery terms
enter with the wrong sign (i.e., indicating that the landscape-
delivery variable has a positive relation with load) and the signifi-
cance of the source variables declines.

The model selected for use in this analysis (Model 1) has three
source variables (point sources, agricultural sources, and nonag-
ricultural sources), a landscape-delivery term based on soil hydro-
logic group, two in-stream loss-rate coefficients, and one reser-
voir decay-rate coefficient. Model | has the most statistically
significant set of source, landscape-delivery, and aquatic-decay
variables among the various models that were compared. Model 1
also corresponds to a physically interpretable description of land-
scape delivery, based on the statistical significance and sign of the
hydrologic soil-group coefficient. Another strength is that the
point-source term in this model is close to unity relative to the
other models. Because point sources are discharged directly to
streams without any land-delivery attenuation, it is expected that
the fitted coefficient should be one. The closeness of the point-
source coefficient to a value of 1 provides evidence that the model
is relatively accurately specified.

Model | explains approximately 93% of the variation in the
natural logarithms of mean annual total nitrogen flux, with a MSE
of 0.22 (Tables 1 and 2). Plots of observed and predicted nitrogen
load and yield indicate relatively good agreement between ob-
served and predicted values (Fig. 6). The median value of the
difference between observed and predicted yields is 6% and the
interquartile range is from —23 to 35%. Observed and predicted
loads agree most closely at sites that have larger loads, which tend
to be associated with sites that have longer discharge and water-
quality records. Observed and predicted nitrogen yields, which
adjust for the influence of drainage area on nitrogen loads, also
indicate relatively good agreement (R*=0.62). The single large
outlier is associated with a monitoring station on Ellerbe Creek in
the Neuse River Basin and is located downstream from a rela-
tively large wastewater treatment plant. The smaller than ex-
pected point-source coefficient contributes to the underestimation
at this site. The R* and MSE of the North Carolina model suggest
a fit slightly interior to SPARROW models fit for the Chesapeake
Bay (R?=0.96 and MSE=0.17, calibrated using 79 stations; Pre-
ston and Brakebill 1999) and the Waikato River Basin in New
Zealand (R*=0.97 and MSE= 0.14. calibrated using 37 stations;
Alexander et al. 2002) but a somewhat better fit than a nationwide
SPARROW model (R*>=0.88 and MSE=0.43, calibrated using
414 stations across the United States; Smith et al. 1997).

A final set of model coefficient estimates was developed using
200 iterations of a bootstrapping procedure; bootstrap coefficients
in Table 2 represent the average bootstrap coefficient values. Al-
though the average values of the bootstrap coefficients generally
were similar to the parametric estimates, bootstrap coefficients for
the two land-area source variables were larger than their paramet-
ric counterparts, and the land-delivery and reservoir attenuation
factors were both somewhat smaller. The 90% confidence interval
for the nonagricultural land and large stream-attenuation coeffi-
cients includes zero. Both coefficients were retained in the final
model because of interest in these coefficients on the part of state
officials and stakeholders in the Neuse River TMDL stakeholder
group.

A spatial trend is evident in the residuals from the parametric
model. This trend indicates a tendency for over prediction in the
Piedmont portion of the three basins and under prediction in the
Coastal Plain portion (Fig. 7). This spatial pattern suggests that
the model is not adequately specified; that is, it does not include
one or more variables that would account for the spatial pattern
associated with variations in the load variable. This spatial pattern
may be related to the previously noted spatial trend evident in a
number of the land-delivery variables. Another potential reason
for this trend is that agricultural cultivation tends to be more
intense in the Coastal Plain than in the Piedmont, not just in terms
of area but also in terms of crop types and the intensity of fertil-
izer use (U.S. Department of Agriculture 2001). Using agricul-
tural land area to represent agricultural nitrogen inputs in the
Coastal Plain may underrepresent the actual agricultural inputs in
areas of intense agricultural cultivation. Accounting for spatial
differences in crop type, fertilizer use, and livestock inventories in
future models may provide a more accurate specification of agri-
cultural nitrogen sources.

Three source coefficients are included in the final model—one
represents point sources and the other two represent diffuse nitro-
gen sources associated with agricultural and nonagricultural land.
The fact that the point-source coefficient is less than the expected
value of 1 suggests that the model representation of sources and
attenuation could be improved. The diffuse-source coefficients
can be interpreted as nitrogen export coefficients {model coeffi-
cient units, metric tons per square kilometer (tor/km?), are trans-
formed to more conventional export coefficient units, kilograms
per hectare (kg/ha), by multiplying the coefficients by 10]. The
values for agricultural (59 kg/ha) and nonagricultural (18 kg/ha)
land are within the interquartile range of values for these land-use
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Fig. 6. Observed and predicted total nitrogen (A) loads and (B)
yields at 44 monitoring sites included in North Carolina SPARROW
model

types reported in Beaulac and Reckhow (1982), but at the high
end of the range. Typically, export coefficients estimate the load-
ing of nutrients over a short distance, such as at the edge of an
agricultural field or near a developed land-cover feature. The
diffuse-source coefficients reported in Table 2 have been esti-
mated empirically to explain variations in in-stream nutrient loads
associated with a water-quality monitoring site at some distance
from most land-cover patches within the drainage basin. Because
the model statistically controls for attenuation associated with
landscape and aquatic processes, the ditfuse-source parameters
are larger than they would be if the attenuation terms were not
included in the model. For example, if the landscape-delivery and
aquatic terms are excluded from the parametric model reported in
Table 2, the value of the agricultural (7.4 kg/ha) and nonagricul-
tural (2.5 kg/ha) coefficients decline by almost an order of mag-
nitude (R*=0.89 and MSE=0.34 for this reduced model).

The landscape-delivery variable used in the final model had
the correct sign and strong statistical significance. Although some
of the landscape-delivery terms other than soil hydrologic group
had very strong statistical significance (e.g., the wetness index in

Piedmont
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Fig. 7. Log residuals (predicted minus observed values) for 44
stream monitoring stations used to calibrate North Carolina
SPARROW model. Shaded area in main study arca map represents
Piedmont ecoregion and unshaded area represents Coastal Plain
ecoregion.

Model 4), the landscape-delivery terms other than the soil hydro-
logic group entered the model with a negative sign, which con-
tradicts the logic expressed in Eq. (1). Landscape-delivery vari-
ables should diminish the amount of nitrogen delivered to a
stream; a negative value for « in Eq. (1) results in an increased
load. Soil hydrologic group is the only landscape-delivery vari-
able that consistently enters the model with the expected sign. It
is worth noting that each of the other landscape-delivery variables
has a relatively strong west-to-east spatial trend, which corre-
sponds to a general west-to-east trend in strcamflow and nitrogen
load (see Fig. 4 for examples). It may be that the model calibra-
tion results are influenced by these spatial trends so that, for ex-
ample, higher values of soil permeability are associated with
higher in-stream nutrient loads (e.g., Model 5 in Table 1) rather
than the expected opposite relation.

The sign of the landscape-delivery variable in Model | sug-
gests an inverse relation between soil drainage characteristics and
nitrogen loading, which is consistent with the findings of other
SPARROW models (Smith et al. 1997; Preston and Brakebill
1999; Alexander et al. 2002). The product of this coefficient and
the soil-drainage characteristics of any reach catchment creates
an index of nitrogen attenuation in soils for this catchment (Al-
exander et al. 2002). The product of this index and the diffuse-
source components—estimated coefficient and agricultural and
nonagricultural land area in the catchment—of the model [see Eq.
(1)] quantifies the amount of nutrients delivered to a stream reach
by a particular source.

The stream and reservoir decay loss coefficients indicate that
nutrient removal by small streams occurs at a rate that is an order
of magnitude greater than in large streams. Nitrogen is removed
from small streams at a rate of about 8% per kilometer of stream
length, compared with a rate of less than 1% per kilometer for
large streams. The inverse relation between nutrient-loss rate and
stream size is consistent with findings in other SPARROW mod-
els (Smith et al. 1997; Preston and Brakebill 1999; Alexander
et al. 2002). We reexpressed the estimates of in-stream loss per
kilometer as loss rates per unit of time based on estimates of
mean water velocity for the RF1 stream reaches (Alexander et al.
1999) in the North Carolina watersheds in each of the two flow
classes. The North Carolina SPARROW-estimated loss rate for
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Fig. 8. Stream reaches in North Carolina SPARROW model study area that have (A) less than 50% probability and (B) greater than 50%

probability of exceeding total nitrogen concentration of .5 mg/L.

small streams [0.99 per day; estimated velocity of 12.3 km/day] is
about one and one-half to two times as large as the estimates
obtained in the national and Chesapeake Bay SPARROW models
for similar size streams (i.e., 0.45 and 0.76 per day, respectively),
whereas the North Carolina loss rate for large streams (0.06 per
day; estimated velocity of 30.4 km/day) is within the range of
estimates obtained in the other SPARROW models (Alexander
et al. 2000).

The estimated SPARROW total nitrogen settling velocity in
lakes and reservoirs is the most statistically significant of the
aquatic-loss parameters and is within the range of values in New
Zealand, Europe, and North America reported in Alexander et al.
(2002). The mean settling velocity of 16.4 m/year is an interme-
diate value between that reported for lakes with a settling velocity
of less than 10 m/year, where nitrogen removal is predominantly
by denitrification, and lakes with a settling velocity greater than
25 m/year, where biological uptake and sedimentation are the
dominant removal processes (Alexander et al. 2002), The fraction
of total nitrogen removed from lakes and reservoirs was calcu-
lated as the product of the settling velocity rates from the 200
bootstrap coefficient estimates and the inverse of areal hydraulic
load for each reservoir {Eq. (3)]. The range of hydraulic loads for
the 14 lakes and reservoirs in the three study basins reflects the
range of lake-surface area and outflows associated with the dis-
parate lake and reservoir types in the three basins. Nutrient re-
moval fractions range from a low of 15% at the Tar River Reser-
voir to a high of 94% at Harris Lake (median=54%; the
interquartile range is from 32 to 63%).

Potential Total Maximum Daily Load Applications of
Spatially Referenced Regressions on Watershed
Model

The TMDL process, as outlined by the NRC assessment commit-
tee, is iterative (National Research Council 2001). Information

gathering and management activities cycle among (1) preliminary
assessment of a stream’s ability to meet a designated use; (2)
additional monitoring, when necessary, to make a more complete
quantitative assessment of compliance with a designated use; and
(3) development and implementation of management practices
that apportion responsibilities for improving ambient water-
quality conditions among contributors of point and diffuse
sources of nutrients.

We present several applications of the SPARROW model that
address information needs associated with TMDL activities.
Among these information needs are the identification of a spa-
tially explicit probability distribution of impaired reaches, the re-
finement of a monitoring strategy based on impairment probabili-
ties and model-prediction uncertainty, and the allocation of total
nitrogen loads among sources.

Identifying the Location of Ambient Water-Quality
Problems

The design of management activities to improve water quality is
predicated on the ability to assess the population of water bodies
(e.g., streams, lakes, and reservoirs) that have water-quality prob-
lems. Because states have an average of 70,000 stream rcaches
(National Research Council 2001) and limited resources for
monitoring ambient water quality, this is not a trivial task. The
NRC committee recommended an increase in the use of statistical
models, calibrated with ambient monitoring data, to characterize
the water quality at unmonitored locations.

The SPARROW model was used to predict the location of
impaired reaches in terms of a hypothetical quantitative water-
quality criterion for total nitrogen. Although a total nitrogen cri-
terion has not been established nationally or in North Carolina,
concentrations of total nitrogen greater than 1.5 mg/L have been
associated with eutrophication in streams and rivers (Dodds et al.
1998; U.S. Environmental Protection Agency 2000). Model pre-
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Fig. 9. Locations of stream reaches in vicinity of Falls Lake, N.C., with (A) relatively high coefficient of variation (CV) in total nitrogen
predictions, (B) midrange total nitrogen exceedance probability predictions (25-75% probability of exceeding 1.5 mg/L. hypothetical criteria), and

(C) both high uncertainty and midrange exceedance probability

dictions of annual total nitrogen concentrations were used to de-
velop an impairment probability distribution for reaches with an
average annual concentration exceeding 1.5 mg/L. For each of the
492 reaches in the North Carolina watersheds, we developed a
distribution of 200 flow-weighted mean annual total nitrogen con-
centrations, based on the set of 200 bootstrap model coefficients
and reach-specific information about nitrogen sources, soil hydro-
logic group, and stream and reservoir propertics. Estimates were
then made of the percentage of the 200 predicted total nitrogen
concentration values that exceeded 1.5 mg/L.

The results indicate a clear spatial pattern (Fig. 8). The map in
Fig. 8(A) identifies reaches that have less than a 50% probability
of exceeding 1.5 mg/L total nitrogen concentration; streams with
the lightest shading have less than a 10% probability of exceeding
this criterion. The Tar-Pamlico Basin has a preponderance of
reaches in this lowest probability class. These reaches are located
upstream from intensive agricultural areas in the lower part of the
basin. The map in Fig. 8(B) identifies reaches with a relatively
high probability of exceeding the criterion; reaches with the dark-
est shading have a greater than 90% probability of having total
nitrogen concentrations that exceed 1.5 mg/L. Many of the
reaches in this highest-probability class are located in the Pied-
mont area of the three basins and generally are associated with
developed areas and locations of wastewater-treatment plants.
Other reaches with a high probability of exceeding this criterion
are located in Coastal Plain areas with high levels of agricultural
activity.

Using Model Predictions to Improve Monitoring
Strategies

Although the above application makes use of a hypothetical im-
pairment standard, it illustrates how information on the spatial
distribution of impairment probabilities can be used to locate
stream reaches with water-quality problems. Reaches identified as
having a relatively high-impairment probability may corrcspond
to what the NRC committee calls a *“*preliminary list” of impaired
water bodies to be considered for further TMDL actions (National
Research Council 2001). Further TMDL actions would be contin-
gent on results of additional monitoring.

Where should additional water-quality data-collection efforts
be focused? Several guidelines should be considered in making
this decision. First, it probably does not make sense to expend
scarce monitoring resources to collect additional water-quality in-
formation about reaches with exceedance probabilities at the ex-
tremes of the impairment distributions. For example, additional
monitoring information probably is not needed for reaches with
less than a 25% probability or greater than a 75% probability of
exceeding the hypothetical nitrogen criterion. Second, limited
monitoring resources probably should be focused on areas where
predicted water-quality conditions are most uncertain (National
Research Council 2001).

Based on the NRC guidelines, we developed two measures of
impairment uncertainty to identify reaches that have both a
midrange probability of exceeding a specific criterion and where
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Table 3. Total Nitrogen Budget for North Carolina Spatially Referenced Regression on Watershed Model Study Area.

(A) Budget tor Three
North Carolina Basins

Cape Fear  Neuse  Tar-Pamlico

(B) Budget for Reaches with Low and High Total Nitrogen Concentrations

Reaches with mean total nitrogen
concentration lcss than or equal

Reaches with mean total nitrogen
concentration greater

to 1.5 mg/L (n=1358) than 1.5 mg/L {(n=135)

Landscape yicld (kg/ha) 6.7 7.0 5.7
Sources of landscape yield (%)
Point sources 21 14 9
Agricultural land cover 41 55 58
Nonagricultural land cover 38 31 33
Stream and reservoir loss (%) 42 33 25
Watershed vield (kg/ha) 39 4.7 4.3
Sources of watershed yield (%)
Point sources 19 12 1
Agricultural land cover 41 59 58
Nonagricuitural fand cover 39 30 31

5.1 377
6 20
51 48
44 32
32 57
35 16.1
6 20
52 48
9 32

Note: Basin budgets are estimated at final reach upsiream from basin outlet. Reach budgets represent average across all reaches with concentrations above
or below designated level. TN=total nitrogen and n=number of reaches in concentration class.

the water-quality predictions are relatively uncertain. Midrange
probability reaches are those with between 25 and 75% probabil-
ity of exceeding the hypothetical nutrient criterion of 1.5 mg/L.
For this application, prediction uncertainty was characterized by
using the 200 bootstrap predictions for each reach. A coefficient
of variation (CV) was calculated by using the 200 predictions for
cach reach, and the CV quartiles across all reaches were calcu-
lated. Reaches with a CV in the highest 50% of all reach CVs
were considered to have relatively high prediction uncertainty.

An application of the approach was developed for streams
reaches in the vicinity of the Raleigh-Chapel Hill-Durham, N.C.,
area (Fig. 9). Falls Lake, shown in the center of Fig. 9, is the
water-supply source for the city of Raleigh. Because of the im-
portance of this water body as a drinking-water supply and the
potential increase of water-treatment costs that may be associated
with eutrophication, it is worth using these proposed measures of
impairment uncertainty to determine whether additional monitor-
ing within the lake’s drainage area is justified. Stream reaches in
the watershed represent a variety of combinations of exceedance
probability and prediction uncertainty. Some reaches (e.g., Reach
A in Fig. 9) with high-prediction uncertainty have either a rela-
tively high probability (greater than 75%) or relatively low prob-
ability (less than 25%) of exceeding the criterion and, thus, may
not necessarily have a high priority for additional monitoring.
There also are reaches (e.g., Reach B in Fig. 9) with probabilities
of exceeding the nitrogen criterion that fall within the desired
mid-range but with predictions that are relatively certain. Finally,
there are reaches (e.g., Reach C in Fig. 9) that fall within the
desired exceedance range and have model predictions that are
relatively uncertain. Such reaches may be candidates for addi-
tional water-quality monitoring.

Understanding the Sources and Movement of Nitrogen

Once a set of reaches (e.g., the Falls Lake watershed) or cven an
entire basin has been designated for full implementation of a
TMDL program, developing and implementing a maximum
loading-management strategy requircs a constituent budget. A
budget describes the total amount of a constituent entering and
leaving a reach, watershed, or basin (e.g., the load of total nitro-
gen that arrives at the mouth of the Neuse River over a year) and
allocates these loads among the sources of the constituent (e.g.,

point and diffuse sources; North Carolina Department of Environ-
ment and Natural Resources 1999). This final application de-
scribes the development of a total nitrogen budget and illustrates
the spatial pattern of delivery of nitrogen from point and diffuse
sources.

The nitrogen budget depicts the quantities of nitrogen entering
the stream and reservoir systems (expressed per unit of drainage
area and referred to as landscape yield), the amount leaving these
systems (either at the mouth of a river basin or at the scale of the
individual reach outlet and referred to as watershed yield), and the
percentage of the inputs that are processed by the aquatic systems
(Table 3). Two nitrogen budgets are presented—one for the three
major river basins included in the study and one for the stream
reaches representing two classes of water-quality conditions.
Yield estimates in the latter case represent the average yield over
all reaches that have a predicted concentration less than or equal
to 1.5 mg/L or greater than this concentration. Yields in both
budget scenarios also were apportioned among the three source
categories considered in the model, including point sources and
two diffuse sources.

Landscape yields for the three basins indicate that both the
Cape Fear and Neuse River Basins have higher-nitrogen input
rates than the Tar-Pamlico Basin, and agricultural inputs are the
dominant sourcc of nitrogen introduced into the stream network
in all three basins. The Cape Fear and Neuse Basins have more
developed land and larger point-source discharges of total nitro-
gen than the Tar-Pamlico Basin. Agricultural contributions, as a
percentage of all nitrogen entering the basin’s stream and reser-
voir systcms, are approximately equal in the Neuse and Tar-
Pamlico Basins (Fig. 10). Although agricultural contributions in
the Cape Fear Basin are almost 20% less than in the other basins,
they still represent the dominant source of nitrogen. Point-source
contributions in the Cape Fear Basin, which occur predominantly
in the upper part of the basin, are approximately twice the per-
centage of point-source contributions in the other basins.

Watershed yields in the three basins indicate the importance of
strcam and reservoir nitrogen processing and the magnitude and
locations of nitrogen sources (Table 3; Fig. 11). The general de-
crease between landscape and watershed yields is a result of
stream and reservoir nitrogen processing. The effects of these
processes appear to be especially important in the Cape Fear

JOURNAL OF WATER RESOURCES PLANNING AND MANAGEMENT © ASCE / JULY/AUGUST 2003/ 325



0.70

Point sources
0.60 M Agricuitural land cover
ONon-agr. land cover
& 0.50
G
(=%
2
2 0.40
[}
[ =4
S
5
2
£ 0.30 —
]
o
Q
e
3
S 00 ||
0.10 -
0.00
Cape Fear Neuse Tar-Pamlico Low-concentration High-concentration
A. reaches B. reaches

Fig. 10. Total nitrogen budget for nitrogen sources delivered to (A) three river basins used in North Carolina SPARROW model. and (B) two
classes of stream reaches in these basins, where reaches are identified as having either low (less than or equal to 1.5 mg/L) or high (greater than
1.5 mg/L) total nitrogen concentration

Fig. 11. Loading of total nitrogen (kilograms per hectare) associated with point (A) and agricultural (C) sources and delivery of total nitrogen
(kilograms per hectare) to watershed outlet associated with point (B) and agriculturai (D) sources
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River Basin. The large losses (42%) in the Cape Fear Basin are a
function of the fact that a great deal of the point-source inputs,
which represent a relatively important source of nitrogen, are lo-
cated in the upper and middle parts of the basin and travel a long
distance to the outlet reach where watershed yield is measured
(Fig. 11, Part A). The Cape Fear Basin has the most river miles
among the three basins, which lead to greater cumulative losses of
nitrogen by denitrification and sedimentation (Fig. 11. Part B).
The Tar-Pamlico Basin has the smallest amount of nitrogen re-
moved by streams and reservoirs (25%). Most of the nitrogen in
this basin is introduced by agricultural activities in the lower part
of the basin (Fig. 11, Part C); thus, the opportunity for nitrogen
processing by the stream network in this basin is small relative to
the other basins. Much of the agricultural nitrogen introduced in
the lower part of the basin is delivered to the estuary (Fig. 11, Part
D). The intermediate stream and reservoir-related loss in the
Neuse Basin (33%) reflects the spatial distribution of agricultural
inputs. Inputs in the middle part of the basin may be transformed
by in-stream processing, while inputs closer to the estuary are
subjected to less processing.

Landscape yields for reaches associated with either low or
high-nitrogen concentrations present a dramatic contrast (Table 3;
Fig. 10). All reaches in the North Carolina SPARROW mode]
study arca were assigned to either a low- or high-concentration
class, depending on whether the average total nitrogen concentra-
tion per reach was less than or equal to 1.5 mg/L or greater than
this concentration. Reach-level landscape (and watershed) yields
were averaged across all reaches in each class. Reaches with
high-total nitrogen concentrations had a landscape yield seven
times higher than reaches with low-nitrogen concentration and
five times higher than the landscape yield for the basin (Neuse)
with the highest-basin landscape yield (Table 3). A similar proce-
dure was applied to average reach-level source contributions. The
source percentages indicate that agricultural sources contribute
approximately equal percentages of landscape yield for both high-
and low-concentration classes. The percentage contributions of
point sources. however, are more than three times higher in
stream reaches with high-total nitrogen concentrations.

Discussion and Conclusions

The SPARROW modeling approach, as applied to measurements
of total nitrogen flux in three North Carolina river basins, ad-
dresses several information needs identified by a National Re-
search Council-sponsored evaluation of the TMDL program.
Walter-quality and stream-discharge data collected by federal and
state agencies were used effectively in this spatially referenced
empirical water-quality model with information about nitrogen
sources and landscape and aquatic features that affect nitrogen
processing. The model of 492 river reaches and 14 reservoirs
provided relatively accurate predictions of in-stream total nitro-
gen loads for reaches in the three basins. Model estimates of point
and diffuse sources and estimates of nitrogen-loss rates in streams
and reservoirs compared reasonably well with literature estimates.
The model provides information that may be uscful for water-
quality managers who must implement TMDLs, including reach-
level predictions of the probability of exceeding quantitative
water-quality criteria and estimates of source contributions and
nitrogen losses in streams based on total nitrogen budgets. Be-
cause SPARROW estimation procedures accounted for the move-
ment and transformation of nitrogen across the landscape and
through the stream and reservoir network, reach-level predictions

of nutrient inputs and delivery could be mapped. providing an
intuitive and spatially detailed summary of both the origins and
fate of nutrients within a basin.

There are several concerns about the usc of the SPARROW
modeling approach for supporting TMDL information needs, in-
cluding the use of SPARROW in conjunction with other monitor-
ing and modeling efforts: the characterization of uncertainty in
calculations of nitrogen inputs; possible enhancements to the
SPARROW methodology to address spatial autocorrelation, and
the adequacy of reliance on a single model 10 support TMDL
efforts.

The NRC assessment committee suggested that models, such
as SPARROW, that are capable of determining a preliminary
probability distribution of impairment can be used in a Bayesian
framework to reduce the quantity of additional water-quality
monitoring data that are needed to make TMDL listing decisions
at a given level of confidence (National Research Council 2001).
SPARROW predictions can provide a prior estimate of impair-
ment probability. Use of this prior information in a Bayesian
analysis can allow final decisions about impairment probabilities
to be made with less additional sampling than would be required
without the prior information. The committee also proposed that a
model such as SPARROW could be used in conjunction with
other models. For example, SPARROW nutrient loading predic-
tions and associated estimates of uncertainty could be used as
inputs in an estuary water-quality model to predict biological end-
points, such as the number of fish kills (Borsuk 2001). Although
neither of these approaches for SPARROW predictions has been
attempted, both seem conceptually reasonable and merit addi-
tional assessment.

Diffuse-source nitrogen inputs cannot be estimated exactly in
regional-scale studies. The application reported here relied on es-
timates of agricultural and nonagricultural land-cover area devel-
oped by overlaying reach catchment boundaries on mapped land-
cover data derived from satellite data. Land-cover classifications
are interpretations containing errors. Satellite-based land-cover
classifications contain errors of commission (an image pixel may
be assigned to a class to which it does not belong) and omission
(a pixel is not assigned to its appropriate class; Jensen 1986).
Although the land-cover data used in this study have an overall
accuracy of 80.5% across the eastern United States (Yang et al.
2001), classification accuracy tends to diminish in the heteroge-
neous landscapes typical of the three study basins, where an in-
termixing of relatively small patches of various land-cover types
occurs (Smith et al. 2002; Fig. 4). Estimates of mass nitrogen
inputs associated with agriculture would have to be derived by
estimating agriculture inputs as a function of both land area and
nutrient input rates associated with various crop types. Even if the
land-cover data are entirely accurate, attributing tabular agricul-
tural data to reach catchments may introduce substantial error in
agricultural nutrient estimates. This would occur if the assump-
tion is incorrect that agricultural activities are distributed evenly
across the county or if the tabular data are incorrect. Similarly, the
accuracy of mass nitrogen input cstimates associated with devel-
oped land-cover types (e.g., urban fertilizer) depends on the ac-
curacy of land-cover data and input rates (e.g., nitrogen fertilizer
used per square kilometer of developed land-cover) used with the
area data.

While standard methods have been developed to characterize
classification uncertainty (Yang et al. 2001) and the uncertainty
associated with fertilizer application (Deanna Osmond, North
Carolina State University, written communication, October 2001),
additional research is needed regarding use of quantitative de-
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scriptors of data quality (c.g., classification error rate or variabil-
ity in application rates) in models to estimate nutrient loading
(Hess and Bay 1997). In particular, Monte Carlo or other statisti-
cal methods might be used in future SPARROW model applica-
tions to assess the effects of explanatory variable measurcment
errors on model-parameter estimates and predictions.

Two areas of cnhancement of the SPARROW methodology
will be considered for addressing spatial autocorrelation. First, as
indicated by the spatial pattern in the residuals (Fig. 7), it is
reasonable to believe that different subwatersheds may have
slightly different coefficient values (e.g., the nutrient-delivery
rates). This can be achieved by using a mixed-effect modeling
approach (McCulloch and Searle 2001) or a Bayesian hierarchical
modeling approach (e.g., Congdon 2001). The mixed-effect
model introduces a random effect to the model coefficient for
each subwatershed. The Bayesian hierarchical model applies a
distributional structure to the model coefficient. Each model co-
efficient is assumed to have an overall (or super) distribution that
is the parent distribution of subwatershed coefficient distributions.
This change can be used to examine spatial variations in model
coefficients.

The second improvement is to model the spatial autocorrela-
tion in the data that is not explained by the siream network. The
sources of spatial autocorrelation may include similarity in soil
and land-use characteristics and physical interactions among
neighboring subwatersheds. The Bayesian conditional autoregres-
sive modeling approach (Besag and Kooperberg 1995) can be
used for this purpose. A new computational strategy is necessary
for both improvements. One such strategy is the Markov chain
Monte Carlo simulation (Gilks et al. 1996), where model param-
eter estimation and uncertainty analysis can be done simulta-
neously.

Finally, a variety of reasonable models can be tormulated for
predicting the loads that are created and transformed in the three
North Carolina basins (Table 1), including models that represent
agricultural and nonagricultural diffuse inputs using land-cover
area and models where estimates of mass nitrogen inputs from
agriculture or developed areas are based on land-cover area and
nitrogen application and use rates. The effects of using different
specifications on SPARROW predictions of impairment probabili-
ties and nutrient budgets have not been examined for the three
North Carolina river basins. It can be anticipated, however, that
different conceplual approaches to characterizing nutrient inputs
(e.g., area based as opposed to mass-input based); landscape-
delivery factors (e.g., use of topographic terms instead of, or in
addition to, soil terms); and aquatic systems (c.g., using five
stream-size classes based on the quantiles of reach-flow charac-
teristics) may well result in different spatial characterizations of
impairment probabilities and yields of nitrogen at the basin out-
lets. Future SPARROW investigations should examine the sensi-
tivity of SPARROW outputs to different model specifications and
explore methods for combining information resulting from difter-
ent conceptual descriptions of the ways nutrients enter and move
through a basin.
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